• Premise of the study: Invasive plants may leave enemies behind when they colonize a new habitat, allowing selection to favor increased investment in growth and/or reproduction over defensive traits. Previous studies have identified reduced diversity of potential bacterial pathogens and evolutionary increases in growth and reproduction in invading populations of yellow starthistle (Centaurea solstitialis). This study leverages a recently developed highthroughput assay of immune function to test for evidence of a trade-off between increased growth and defense against bacterial pathogens in yellow starthistle's invasion of California (USA).
INTRODUCTION
It is well documented that introduced plants can become invasive weeds that threaten the survival of native species, and cause significant environmental and economic damage (Pimentel et al., 2005; Pejchar and Mooney, 2009) . Two related hypotheses are often invoked to explain why these exotic plants are so successful: the Enemy Release hypothesis and the Evolution of Increased Competitive Ability hypothesis. The Enemy Release hypothesis describes a scenario in which the invasive plant has left many of its natural enemies behind in the native range (Keane and Crawley, 2002; Mitchell et al., 2010) . By escaping enemies, the invasive plant's population is no longer regulated by its natural enemies, allowing explosive population growth in its new range. Often this hypothesis focuses on escape from herbivores, but escape from plant pathogens may also lead to increased success (Mitchell and Power, 2003; Colautti et al., 2004; Kulmatiski et al., 2008; Faillace et al., 2017) . Furthermore, the Evolution of Increased Competitive Ability hypothesis suggests that escaping from enemies can facilitate adaptation, as selection may favor individuals that have increased their growth rate and reproductive output and in doing so sacrificed defensive mechanisms for enemies they no longer experience (Blossey and Notzold, 1995; Maron et al., 2004; Blumenthal et al., 2009; Gilbert and Parker, 2010) . Growth-defense trade-offs are known to affect plants in general (Huot et al., 2014) and could potentially play a role in the success of invasive plants.
In this paper, we ask whether there is evidence of a growth-defense trade-off in the highly invasive weed, yellow starthistle (Centaurea solstitialis). Specifically, we look for differences in plant pathogen immune responses between its native European range and its severe invasion of western North America. Yellow starthistle is native to Eurasia and was accidentally introduced to South America in the 1600's and then to North America in the 1800's in contaminated alfalfa seed (Gerlach, 1997) . The invasions of both California (USA) and South America are derived from western European genotypes in the native range ( Fig. 1A ; (Barker et al., 2017) ). Yellow starthistle is a colonizer of grassland systems and has invaded over 14 million acres in California . The state of California has been spending approximately $12.5 million each year on controlling this invasion (Ditomaso et al., 2006; Pitcairn et al., 2006) . Previous work on yellow starthistle has demonstrated that there are significant differences between the microbiome of yellow starthistle in the native range and the microbiome of plants in the invaded range. Bacterial communities in the microbiome of the California invaders had significantly lower diversity than in the native plants (Lu-Irving et al., 2017) , and plants have more favorable interactions with the soil microbial community in the California invasion when compared to soil communities from other ranges Andonian et al., , 2012 . There are also life history differences between the plants in the native and invaded ranges. When genotypes from both the native and invaded range are grown in a common environment, the invasive genotypes grow larger above and belowground (Widmer et al., 2007; Eriksen et al., 2012; Dlugosch et al., 2015) . The invasive genotypes also have earlier flowering times and increased reproductive output (Dlugosch et al., 2015) . Taken together, this information suggests that increased growth could be a benefit of escape from bacterial pathogens in this system. Plant immune response consists of two different systems, one that occurs between the membranes (transmembrane pattern recognition receptors, PRRs) and one that occurs within the cell using NB-LRR protein products as a result of specific resistance 'R' genes (Jones and Dangl, 2006) . When plant pathogens are exposed to plant cells, they release nonprotein and protein effectors called pathogen associated molecular patterns (PAMPs) which are recognized by the PRRs (Medzhitov, 2013) . This recognition elicits PAMP triggered immunity (PTI) in the plant (Chisholm et al., 2006) . Pathogens can interfere with PTI by releasing effectors resulting in effector triggered susceptibility (ETS) (Abramovitch and Martin, 2004; Dodds and Rathjen, 2010; Win et al., 2012) . If these effectors are directly or indirectly recognized by one of the NB-LRR proteins within the plant cell, effector triggered immunity (ETI) occurs within the plant (Chisholm et al., 2006; Jones and Dangl, 2006) . This is a much stronger response than the PTI and is often called a hypersensitive response (HR) , which typically results in cell death at the site of the infection (Chisholm et al., 2006; Jones and Dangl, 2006; Camejo et al., 2016) . Both PTI and HR will alter hormone activity in the plant and can actively suppress growth (Huot et al., 2014 ).
Here we assay these immune responses in yellow starthistle by examining the 'oxidative burst' that is created during PTI and HR (Lamb and Dixon, 1997; Camejo et al., 2016) . This burst is a localized production of reactive oxygen species (ROS) used to hinder pathogen invasion (Wojtaszek, 1997) . Pathogen attacks elicit ROS production from NADPH oxidase apoplastic peroxidases (Wojtaszek, 1997; Chakravarthy et al., 2009; Daudi et al., 2012; Camejo et al., 2016) . The ROS consists of superoxide radical (ॱ O2 − ), hydrogen peroxide (H2O2) and hydroxyl radical (ॱ OH) which are released from NADPH oxidase and the apoplastic peroxidase enzymes (Lamb and Dixon, 1997; Wojtaszek, 1997; Camejo et al., 2016) . The apoplastic peroxidase enzymes have previously been used to measure plant immune response to pathogens, using an assay of peroxidase activity (Mott et al., 2016) . This assay measures peroxidase activity in response to plant pathogen sensitivity through a visible color change. Substrates added during the assay will produce a brown color when acted on by peroxidase which can be quantified by reading absorbance at 550 nm (Mott et al., 2016) . By using this technique to assay plant responses to native bacterial pathogens, we ask whether there is a loss of immune activity in the invading genotypes. A lower immune response in these high growth genotypes would support the possibility that the fitness of invasive plants has been increased as a result of a growth-defense trade-off.
MATERIALS AND METHODS

Bacterial collections-
Bacterial strains were obtained from field-collected leaf material in the native range. Living leaves on the basal rosette with evidence of disease symptoms were collected in July 2015 from five field sites in western Europe ( Fig. 1 ; Table 1 ) and stored in sterile falcon tubes. The remainder of the plant was pressed and dried after sampling, and submitted to the University of Arizona Herbarium (ARIZ; Table 2 ). Samples were kept on ice in the field and stored at 4 °C. Leaves were removed from tubes using sterile forceps. Forceps were sterilized in a 200ppm bleach for 2 minutes, and then rinsed with sterile water. To obtain bacterial strains in culture, a 1 cm 2 piece of leaf was cut out using a sterile scalpel. This leaf tissue was placed in a 1.5mL tube containing 400 μL sterile 10mM MgCl2 and macerated for 45 seconds using a sterile plastic pellet pestle. An additional 600 μL sterile 10mM MgCl2 was added to bring the volume of each tube to 1mL, and 150μL of macerated leaf suspension was spread on malt extract agar plate using a sterile plastic cell spreader. Two 10-fold serial dilutions were made and 10 μL of each dilution was spotted on a second malt agar plate.
Plates were incubated on lab bench under low light at approximately ~27 °C for 2 days to allow bacterial cultures to grow. Single bacterial colonies were selected from the plates and diluted in 25 μL of sterile H2O for DNA identification and storage. For storage, single colony dilutions were cultured in 2mL LB media, and 750 μL of liquid culture was mixed with 750 μL of autoclaved 80% glycerol and stored at -80 °C.
Bacteria were identified by sequencing the 16S rRNA region of DNA, using universal primers 27F (5'TACGGYTACCTTGTTACGACTT3') and 149R (5'AGAGTTTGATCMTGGCTCAG3'). Amplification was performed in a 50uL reaction containing 1 μL of bacterial single colony dilution, 2.5 μL of each primer at 10 μm, 0.625 μL Taq, 1.25 μL of 5mM dNTPs, and 50μL of 10x PCR buffer. Reaction conditions included 95 °C for 5 minutes, and 35 cycles of 94 °C for 15 seconds, 50 °C for 30 seconds, and 72 °C for 1 minute 30 seconds. PCR products were Sanger sequenced by Genoscreen (Lille, France), and sequences were compared to existing sequences on GenBank for taxonomic identification.
Plant genotype collections-
Plant genotypes were collected in 2008 from six sites in the invaded range and five sites in the native range ( Fig. 1 (Barker et al., 2017) . The invasion of California as well as invasions of South America appear to be derived almost entirely from western European genotypes ( Fig. 1 ; Barker et al. 2017) , and our sampling here includes genotypes from both the western European and the centraleastern European subpopulations. At each site, seeds were collected from multiple maternal plants separated by at least one meter along a linear transect.
Seeds from at least 5 maternal plants per population were germinated in flats filled with moistened soil [3:2:1 ratio of Sunshine Mix #3 soil (SunGro Horticulture), vermiculite, and 20 grit silica sand]. Plant Preservative (1% v/v; Plant Cell Technology) was sprayed on top of seeds to minimize fungus growth. Seedlings were reared for four weeks under artificial light in laboratory conditions, and then transplanted into 410 ml Deepots (Stuewe & Sons) and moved to glasshouse conditions at the University of Arizona under a 14 hour daylength.
Peroxidase assayPetri dishes were filled with LB agar and streaked with frozen bacterial cultures to allow isolation of single bacterial colonies from the stored cultures. Plates were placed in a 27° C incubator for approximately 36 hours. Single bacterial colonies were selected and used to inoculate 3mL liquid LB cultures of each strain. Test tubes containing the live liquid cultures were then placed in a 27 °C shaker for approximately 44 hours. Live liquid cultures were then diluted by mixing 25μL of live strain with 25μL of LB in a microfuge tube. Microfuge tubes containing diluted strains were thoroughly mixed before use in the peroxidase assay.
Healthy, basal leaves were removed from each individual plant and wiped off with a paper towel sprayed with 70% ethanol. Leaf discs were obtained with a 4.8 mm diameter cork borer, avoiding major veins (Fig.  3A) . Each leaf was photographed after sampling. Leaf discs were placed inside a 1.5mL microfuge tube and filled with 1mL of 1X Murashige & Skoog basal salt mixture (MS) buffer. The microfuge tubes were shaken in a 27° C shaker for one hour.
We used a modified version of the peroxidase assay protocol by Mott and colleagues (Mott et al., 2016) . The inner 60 wells of flat bottom 96 well microliter plates were filled with 50μl of 1X MS. The outer edges of the wells were filled with 300μl of ddH2O (Millipore water) to minimize evaporation and edge effects. Leaf discs were placed in the bottom of each well, following a diagonal plate design to prevent spatial effects (Fig 2; Fig 3B) . Each combination of plant genotype and bacterial strain was replicated 2-4 times, and additional wells were used for controls including 'No Leaf' (bacteria but no leaf disk), 'Leaf Only' (leaf disk with no bacteria), and 'Media Only' (neither leaf disk nor bacteria). Each well including a strain was treated with diluted 1μL of culture. The 96 well-plates were covered with breathable sealing film. Sealed plates were stacked and stored in containers lined with wet paper towels to limit evaporation. Containers were placed in a 27°C shaker for 16 hours. All leaf discs were removed from the plates; forceps were rinsed with Millipore water in between each well. After all the leaf discs were removed, plates were placed into a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek) to record any initial absorbance of the solution. 50μl of 1mg/mL solution of 5-aminosalicylic acid (5-AS) with 0.01% hydrogen peroxide was added to each well. After one minute, 20μl of 2N NaOH was added to each well to stop the color changing reaction (Fig 3C) . Plates were placed into the H1 Hybrid Reader to record the final absorbance of each well. Absorbance values for the second experiment are differences between final readings and initial readings.
Experiment 1: Method developmentAn initial experiment was performed to optimize assay conditions. Three plant genotypes were selected for use in this experiment, GRA (n=3), GIL (n=3), and CAZ (n=1), and exposed to strains 1031 (Pseudomonas viridiflava) and 1042 (Massilia sp). The peroxidase assay was repeated with autoclaved and live samples of strains 1031 and 1042, to determine whether autoclaved cultures were sufficient to elicit plant immune responses.
We evaluated whether plant immune response differed between live strains and autoclaved strains using a linear model with fixed effects of treatment, plant population nested within treatment, and plant individual nested within population and treatment. This nested design was necessary because plant populations were not present in the media only control treatment. Fixed effects of plant population and individual were used in correlations with fitness variables described below. We used Tukey's honest significant difference (HSD) tests to identify differences in immune response between the live strain (1031, 1042) treatment, autoclaved strain (1031, 1042) treatment, 'Leaf Only' control treatment (containing a leaf disk and sterile media for all genotypes), and the 'No Leaf' treatment (containing either sterile media, or bacterial strain in media, or only MS Buffer).
All statistical analyses were performed in JMP 13.1.0 (SAS Institute 2016).
Experiment 2: Variation in immune response among plant genotypes-
Eleven plant genotypes were selected to compare immune responses between native and invading regions: CAZ (n=7), CLV (n=7), DIA (n=6), GIL (n=8), GRA (n=3), HU01 (n=3), HU29 (n=7), RB (n=8), SAZ (n=3), SIE (n=2), TRI (n=6). These plants were exposed to the following strains during the assay: 1031 (Pseudomonas viridiflava), 1032 (Pseudomonas sp.), 1033 (Pseudomonas asturiensis), 1038 (Curtobacterium flaccumfaciens), 1042 (Massilia sp), 1043 (Curtobacterium flaccumfaciens), 1044 (Pseudomonas congelans). We evaluated whether yellow starthistle immune response differed amongst the seven strains and our controls using a linear model with fixed effects of treatment, population nested within treatment, , and individual plant nested within treatment and population, and in Experiment 1. We used Tukey's (HSD) tests to identify significant differences in immune response across treatments.
We tested for overall differences in immune response between the native and invasive plant genotypes. We used a linear model predicting absorbance with fixed effects of strain and region (native vs. invaded), and their interaction and nested effects of population within region, and individual plant within population and region. Fixed effects of plant population and individual were used in correlations with fitness variables described below. To evaluate how different yellow starthistle genotypes varied in their immune response to the seven bacterial strains (i.e to allow inspection of strain x plant population interactions), linear models were used to predict absorbance for each of the seven strains individually, with fixed effects of region, population nested within region, and individual nested within population and region.Tukey's HSD tests were used to identify significant differences in immune response among populations.
Trade-offs between immune response and plant sizePopulation means for peroxidase activity were compared to previously published data from a large common environment experiment, which identified evolutionary increases in growth and reproductive potential in the Californian invasion, and included the seed collections using in the present study (Dlugosch et al., 2015) . Briefly, single offspring from 7−20 different mothers per site were reared in a randomized glasshouse common garden, and their size at 5.5 weeks measured using a linear morphological index that strongly correlates with biomass (Dlugosch et al., 2015) : Size Index = [leaf number * (maximum leaf length*maximum leaf width) 1/2 ]. Half of the plants per population were maintained through senescence and their date of first flower and total flowering head production recorded. The date of first flowering strongly predicted total reproductive output, such that invading plants flowered earlier, resulting in greater production of flowering heads (Dlugosch et al., 2015) .
Population means for plant size from the previous study were used to predict mean population absorbance (Least Squares Means from analyses of population variation in absorbance detailed above) using linear models with fixed effects of strain, trait, and their interaction. Only strains showing significant differences in peroxidase activity between native and invaded regions (i.e. the potential for a trade-off with fitness) were used for these analyses. Given that regional differences in plant traits provide only a single comparison (native vs. invaded range) for evaluating potential trade-offs, models were fit within native and invaded regions separately to test for evidence of consistent trade-offs between plant size and immune function at this scale. Future analyses are planned at the population and individual level for the plants used in this study, when they complete flowering and are harvested for biomass measurements in the Summer of 2017.
RESULTS
Bacterial collections-
Seven bacterial strains from field collections in the native range were utilized in this study (Table 2) . These included four Pseudomonas taxa, two unique strains of Curtobacterium flaccumfaciens, and an unidentified species of Massilia.
Experiment 1: Method development-
This experiment demonstrated the importance of using live strains in our assay of plant immune response (Fig. 4A) . Absorbance differed significantly among treatments (F5,5 = 7.3, P < 0.0001). Control treatments including no leaf disks (buffer, media, and strain only wells) showed the lowest peroxidase activity, followed by the 'Leaf Only' control treatment, and these two controls were not significantly different. Both autoclaved strain treatments and the live 1042 treatment had similar mean immune response (absorbance) as the 'Leaf Only' control. Only the live 1031 treatment was significantly different from both controls, showing a higher mean immune response than both the autoclaved treatments and the live 1042 treatment (Fig. 4A ).
Experiment 2: Variation in immune response among plant genotypes-
In this experiment, initial absorbance readings were taken before the color change assay, and subtracting these values reduced variability within treatments from final readings alone (Fig. 4B,C) . In particular, 'No Leaf' controls showed almost no evidence of absorbance after initial readings were removed (Fig. 4C) . Treatment effects were significant overall (F8,701 = 457.5, P < 0.001) and indicated that all strains were different from controls (Fig. 4C) . In contrast to results from the first experiment, the highest immune response was exhibited by the 'Leaf Only' control in this experiment, which was significantly higher than all other treatments. A separate analysis of the 'Leaf Only' treatment revealed no significant difference in absorbance between regions (F1 ,60 = 2.04, P = 0.16). Population effects were significant (F9,49 = 2.6 , P = 0.013), but only indicated differences in Leaf Only absorbance between the most extreme populations across the regions (Fig. 5) . While the high peroxidase activity in this treatment was unexpected and its source is not known (see Discussion), the lack of regional differences should indicate that it does not confound analyses of plant responses to bacterial strains.
When leaf disks were combined with live bacterial strains, significant regional differences became apparent (Fig. 6) . Absorbance was significantly affected by region (F1,762 = 13.2, P = 0.0001), strain (F6,762 = 16.6, P < 0.0001), and their interaction ( Fig. 7; F6 ,762 = 2.3, P = 0.035), as well as nested effects of population within region (F9,762 = 12.5, P < 0.0001) and individual plant genotype within population (F49,762 = 7.9, P < 0.0001). Native plant genotypes had a higher mean immune response to all strains other than 1032 and 1043 (Fig. 6) , and these latter two strains showed no significant differences between regions (Fig. 8) . When exposed to a strain there were differences within region among genotypes (Fig. 7) . Genotypes GIL and SIE (invaded range) and HU29 (native range) had the lowest immune response whereas RB (invaded range) and GRA and CAZ (native range) had the highest immune responses. Overall, the native genotype GRA had the highest immune response to the seven strains (Fig. 7) .
Population effects revealed that the highest immune responses within the native range were observed in populations from western Europe (Fig. 7) , which is the source region for the invasion of California (Fig 1) . Within the invasion, populations also differed significantly (Fig. 7) , with the lowest immune responses generally found in coastal populations near the original introduction (DIA, GIL) and a population near the eastern leading edge of expansion in the Sierra Nevada mountains (SIE). The highest response was observed in a population from the northern Central Valley region (RB). Inspecting population variation within strains, these regional patterns were generally consistent and did not vary substantially by strain (Fig. 8) .
Trade-offs between immune response and plant sizeAll five strains that elicited significant or marginally significant regional differences showed lower mean immune response in genotypes from the invade range (Fig. 6) , suggesting a potential negative trade-off between growth in the absence of pathogens and defense function across regions (Fig. 9B) . Consistent with a trade-off, variation in peroxidase activity within the native range was significantly negatively related to plant size as measured in the previously published glasshouse experiment (Fig. 9C ). Mean population absorbance in the native range was predicted by significant fixed effects of plant size (F1,19 = 12.1, P = 0.003) and strain (F4,19 = 3.8, P = 0.02). A non-significant interaction of population and strain (P = 0.9) was removed from the final model. In contrast, within the invaded range there was no significant relationship between peroxidase activity and plant size (Fig 9D; Size F1 ,24 = 0.77, P = 0.4; Strain F4,24 = 4.0, P = 0.01), with population mean absorbance values across the invaded range generally similar to the values demonstrated by the native populations with the largest size phenotypes, for a given bacterial strain (Fig.  9C,D) .
DISCUSSION
Using a recently developed high throughput assay of immune function, our study demonstrated consistent differences in the influence of both plant genotype and bacterial strain on plant-pathogen interactions. We found that yellow starthistle genotypes from the native European range have a higher immune response to bacterial infection than genotypes found in the invaded California (USA) range. These patterns were consistent with a potential negative trade-off between immune response and growth in this highly invasive species.
Our study focused on measuring the oxidative burst as a result of PTI. Hormonal crosstalk between PTI and growth may explain trade-offs between defense and growth in plants. Three hormones, auxins, brassinosteroids, and gibberellins may play an important role in this crosstalk (Huot et al., 2014) . Auxins regulate plant growth, stem and petiole elongation and root structure growth (Santner and Estelle, 2009; Vanneste and Friml, 2009; Kieffer et al., 2010; Kazan, 2013) . Pathogens can synthesize their own auxin or alter the plant's auxin synthesis to promote infection (Yamada, 1993; Glickmann et al., 1998; Abramovitch et al., 2003; O'Donnell et al., 2003; Kidd et al., 2011) . When PTI is triggered the plant will actively suppress auxin signaling, inhibiting plant growth (Navarro et al., 2004) . Brassinosteroids influence growth at every stage of a plant's development (Gruszka, 2013; Hao et al., 2013; Fariduddin et al., 2014) and gibberellins influence growth, flower initiation and development (Sun, 2011) . When brassinosteroids and gibberellins have elevated signaling, PTI is suppressed (Albrecht et al., 2012; Belkhadir et al., 2012) . These hormonal functions create direct trade-offs between defense and growth functions, such that changes in a plant's environment may favor one function over the other.
We found evidence supporting differential immune response to bacterial strains between native and invaded ranges in yellow starthistle. For all bacterial strains that showed a significant difference between regions, native range genotypes had higher immune response than the invaded range genotypes. Peroxidase activity was particularly high among genotypes from western Europe, which is the source of the invading populations that we studied here (Barker et al., 2017) , indicating that invaders are particularly divergent from their progenitors. Coupled with the observation that invading genotypes from these populations also grow larger under a common environment (Dlugosch et al., 2015) , our data support the hypothesis of a growth-defence trade-off at the regional scale. We also found that variation in immune response within the native range was significantly negatively related to plant size at the population scale, which is consistent with a trade-off and further suggests that there is standing variation along this axis in the native range. These results support the idea that introduced species may evolve along this type of trade-off, potentially increasing their invasiveness as a result of reduced investment in defenses (Blossey and Notzold, 1995; Maron et al., 2004; Bossdorf et al., 2005; Blumenthal and Hufbauer, 2007; Blumenthal et al., 2009; Felker-Quinn et al., 2013) . To ascertain whether this has indeed been the case for yellow starthistle, further studies are needed to understand the prevalence of disease in different parts of its range, and their effects on fitness. Even if yellow starthistle has not escaped pathogens in this invasion, invaders may still evolve increased fitness at the expense of defense if they can better tolerate attack, as might be the case if they have access to more resources (Blumenthal, 2006; Chun et al., 2010) .
In contrast to the pattern that we observed among native genotypes, there was no apparent relationship between plant size and immune responses among invading genotypes. Instead, immune response appeared to remain at a low level across a wide variation in plant size. This pattern could reflect a minimal wounding and/or pathogen response for the species. Wounding alone induces a response that strongly resembles pathogen attack and will stimulate ROS production similar to PTI (Baron and Zambryski, 1995) . Regardless, our data suggest that some increases in plant size seen among invaders do not come at additional cost of the peroxidase response in immune function.
These plant-pathogen interactions included consistent differences in the immune response to the different bacterial strains used in our experiments, including particularly strong reactions to known plant pathogens. The highest peroxidase activities were observed in response to two strains of Curtobacterium flaccumfaciens (1038, 1043) . Curtobacterium flaccumfaciens is a known plant pathogen responsible for bacterial wilt (Hedges, 1922; González et al., 2005) . The next highest levels of activity were seen in response to Pseudomonas asturiensis (1033) and P. viridiflava (1031) . Pseudomonas asturiensis appears to be the cause of a newly recognized disease on soybean leaves (González et al., 2012 (González et al., , 2013 . Pseudomonas viridiflava is a plant pathogen commonly infecting Arabidopsis thaliana and many agricultural crops (Billing, 1970; Wilkie et al., 1973; Goumans and Chatzaki, 1998; Jakob et al., 2002; Goss and Bergelson, 2007) . The differential immune response among strains suggests different levels of pathogenicity, potentially due to variation in immune suppression (Abramovitch and Martin, 2004) . Alternatively, live strains may have varied in their rate of growth during incubation, resulting in different levels of exposure to plant cells. Whole-plant inoculation experiments, allowing tests of bacterial growth within the plant and their putative fitness, would be valuable for assessing pathogenicity differences both among strains and between infections of invading and native genotypes.
In general, plants that have encountered particular bacterial pathogens in their evolutionary history might be especially well-adapted to recognize and respond to these strains, though the bacteria may evolve their own abilities to suppress locally-adapted immune responses (Karasov et al., 2014/4; Thompson and Burdon, 1992; Gilbert, 2002; Gilbert and Parker, 2010) . We selected pathogens from the native range to assay potential escape from these natural enemies, but they may also reflect more recent evolution of local interactions. Our strains were from western European populations, and there were two cases of matches of plants and bacteria from the same collection sites. In general, western European genotypes were most responsive in the peroxidase assay, consistent with a locally-adapted response for the plants. In the case of the strain collected from site 'CAZ' (1032), genotypes originating from this site ranked the second highest in their response to this local strain, but this was a typical ranking for these plant genotypes across all strains. In the case of the strain collected from site 'SAZ' (1038), plant genotypes from this site demonstrated one of their highest responses relative to other populations (though differences among native plant populations were not significant).
Our invading plant genotypes also showed significant differences among source populations. Genotypes from the coastal area (DIA, GIL), closest to the site of introduction in the San Francisco Bay area, as well as a population near the eastern leading edge of the invasion (SIE) showed the lowest immune responses, while sites in the Central Valley of California tended to be more responsive (particularly RB). Whether these differences reflect variation in patterns of selection on defense traits is unknown. The invasion of yellow starthistle into the Central Valley is particularly severe (Pitcairn et al., 1997; Swope and Parker, 2010) , and it will be important to understand whether these areas are experiencing higher pathogen incidence and/or whether immune responses and growth might be benefitting simultaneously from adaptations to higher resource available in these areas (Dlugosch et al., 2015) .
Our experiments revealed several methodological considerations worth noting. Bacterial elicitors should be present in non-living preparations of bacterial cultures or elicitor isolates, and such non-living material is often used as an efficient means of studying plant-bacteria interactions (Felix et al., 1999; Daudi et al., 2012; Mott et al., 2016) . During our Experiment 1, however, differences were observed between the plants' immune response to autoclaved strains and live strains. While the autoclaved strains did elicit a mean increase in activity, this was not statistically different from leaf only controls without bacteria added. A live culture of one bacterial strain elicited a much stronger response in our experiment. Autoclaving may have denatured the elicitors to the extent that the plants could not recognize the PAMPs, or elicitor production may have been higher in bacteria incubated with leaf disks. Mechanically lysed bacteria, in place of autoclaved material, could be used to further clarify the impact of autoclaving on bacterial elicitors in this assay.
A particularly important methodological issue arose in our 'Leaf Only' treatments of leaf disks in sterile fresh media. This treatment showed elevated mean peroxidase activity over controls with no leaf disks, in both experiments, however in Experiment 2 this activity was also significantly higher than activity in all leaf treatments exposed to live bacterial strains. Some peroxidase activity is expected in the absence of bacteria due to responses to wounding (Minibayeva et al., 2015) , but this would not explain a higher level of activity than leaf treatments that included bacteria. Peroxidase activity could have been additionally elevated due to incidental infection in our plants under glasshouse conditions before the plant tissue was harvested (Jones and Dangl, 2006) , although any unintended exposure to pathogens should have again affected all leaf treatments equally (given that disks for controls and bacterial treatments were sampled from the same leaf at the same time).
We propose two potential explanations for these patterns. First, immune suppression by our bacterial treatments is possible. Plant pathogens have a variety of ways to suppress the immune response, including interfering with PTI and the hypersensitive response (Bretz et al., 2003; Abramovitch and Martin, 2004) , and inhibiting the host's programmed cell death (Abramovitch et al., 2003; Espinosa et al., 2003; Abramovitch and Martin, 2004) . Pathogens can release effectors that interfere with PTI and some effectors can specifically target and inhibit peroxidase activity, as seen in corn smut (Hemetsberger et al., 2012) and infections of potatoes (Doke, 1975) . It is possible that our experimental strains, derived from the native range of yellow starthistle, are capable of a greater degree of immune suppression in yellow starthistle than was a pathogen acquired from our glasshouse environment in the invaded range. In this case, our results would indicate that immune suppression is higher or host response weaker in our invading plant genotypes, both of which would indicate loss of defense function relative to native genotypes. Second, exposure of leaf disks to fresh media could elicit different peroxidase activity than the media remaining in active live cultures, such that fresh media is not an appropriate control in our experiment. Previous tests of peroxidase activity have used bacterial elicitors suspended in water, with water as the control treatment (Reuveni et al., 1992; Nawar and Kuti, 2003; Mott et al., 2016) . If media influences the background wounding response, then the growth of bacteria in their own media could alter this response. In the immediate future, we are planning an experiment to incorporate treatments that filter bacteria from their media, allowing us to test responses both media after bacterial growth, and to bacteria removed from any media. We note that differences in relative performance of live strain treatments and the 'Leaf Only' treatment in our two experiments indicates that either this response to media or immune suppression is not acting equally across experiments in our system.
Our experiments did indicate consistent differences in immune activity between native and invading genotypes, providing valuable information for further studies of plant-pathogen interactions and potential growth-defense trade-offs in this system. Detailed studies of pathogen prevalence in the field and wholeplant inoculation experiments (that quantify fitness for both plant and pathogen) will be necessary to definitely identify whether introduced plants are benefitting from evolution along growth-defense trade-offs and whether this is the result of escape from native pathogens. We found that the high-throughput peroxidase assay provided an efficient method for exploring whether these intensive avenues of future research are warranted, and that a unique strength of this approach is its ability to replicate tests of plantpathogen genotype interactions at the scale of a single leaf. This opportunity for replication is particularly important for non-clonal, obligate outcrossing species such as yellow starthistle, in which the same plant genotype cannot be replicated at the whole-plant scale. In our case, we were able to identify signatures of shifts in plant functions that are hypothesized to be integral to colonization success and the evolution of highly invasive plant species. Populations are ordered according to means and significant differences within regions, and horizontal lines connect populations that are not significantly different. Absorbance values are differences between final readings and initial readings before the addition of 5-AS to assay the activity of peroxidase. All strains showed significant differences among populations within regions (P < 0.01 in each case), and two strains showed no significant differences between native and invaded region genotypes (C; 1032: P = 0.8; 1043: P = 0.3). All absorbance values for peroxidase activity were measured in this study. Absorbance values are based upon the five bacterial strains eliciting significant regional differences in peroxidase activity. All size measurements are for plant genotypes from same populations used in this study, measured in a previous glasshouse study (Dlugosch et al. 2015) .
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